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Abstract The CoRoT and Kepler space missions have detected oscillations in hun-
dreds of Sun-like stars and thousands of field red-giant stars. This has opened the
door to a new era of stellar population studies in the Milky Way. We report on the
current status and future prospects of harvesting space-based photometric data for
ensemble asteroseismology, and highlight some of the challenges that need to be
faced to use these stars as accurate clocks and rulers for Galactic studies.
1 Introduction
Prior to the advent of space-based photometric missions such as Kepler and CoRoT,
age estimation of stars had to rely on constraints from their surface properties only.
A severe limitation of such an approach applies in particular to objects in the red-
giant phase: that stars of significantly different age and distance end up sharing very
similar observed surface properties making it extremely hard to, for example, map
and date giants belonging to the Galactic-disc population. That situation has now
changed thanks to asteroseismology, with the detection of solar-like pulsations in
hundreds of dwarfs and thousands of red giants observed by CoRoT and Kepler.
The pulsation frequencies may be used to place tight constraints on the fundamental
stellar properties, including radius, mass, evolutionary state, internal rotation and
age (see e.g. Chaplin & Miglio 2013 and references therein).
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2 Miglio et al.
There are several important reasons why asteroseismic data, and in particular
data on red giants, offer huge potential for populations studies. First, G and K giants
are numerous. They are therefore substantial contributors by number to magnitude-
limited surveys of stars, such as those conducted by CoRoT and Kepler. Moreover,
the large intrinsic oscillation amplitudes and long oscillation periods mean that os-
cillations may be detected in faint targets observed in the “standard” long-cadence
modes of operation of both CoRoT and Kepler. Second, with asteroseismic data in
hand red giants may be used as accurate distance indicators probing regions out to
about 10kpc. As in the case of eclipsing binaries, the distance to each red giant may
be estimated from the absolute luminosity, which is obtained from the asteroseismi-
cally determined radius and Teff. This differs from the approach adopted to exploit
pulsational information from classical pulsators, notably Cepheid variables, where
the observed pulsation frequency leads to an estimate of the mean density only and
hence additional calibrations and assumptions are needed to yield an estimated dis-
tance.
Third, seismic data on red-giant-branch (RGB) stars in principle provide robust
ages that probe a wide age range. Once a star has evolved to the RGB, its age is
determined to a first approximation by the time spent in the core-hydrogen burning
phase, which is predominantly a function of mass and metallicity. Hence, the esti-
mated masses of red giants provide important constraints on age. The CoRoT and
Kepler giants cover a mass range from ' 0.9 to ' 3M, which in turn maps to an
age range spanning ∼ 0.3 to ∼ 12Gyr, i.e., the entire Galactic history.
Sun-like stars with detectable oscillations span a much more limited distance
than the giants. When individual oscillation frequencies are available, however, the
age determination of such stars can rely on the use of diagnostics specific to the
conditions of the star’s core, which can be used as proxies for the evolutionary
state on the main sequence, and hence the absolute age (e.g. Christensen-Dalsgaard,
1988; Roxburgh & Vorontsov, 2003).
We are still in the infancy of using solar-like oscillators as probes of the Milky
Way’s properties, and the field is evolving so rapidly that any attempts at reviewing
the status would be quickly outdated. In what follows we will therefore briefly sum-
marise the asteroseismic data currently available, and which data will be available
in the next decade, and flag some of the challenges that need to be faced in ensem-
ble asteroseismology, i.e. the study of stellar populations including constraints from
global, resonant oscillation modes.
2 Harvesting data for ensemble seismology
The full exploitation of the available CoRoT and Kepler asteroseismic data is far
from complete, both in terms of the extraction of seismic parameters and the char-
acterisation of the observed stellar populations.
Only two CoRoT long-observational runs have been analysed so far (Hekker
et al., 2009; Mosser et al., 2011; Miglio et al., 2013). Data collected in 15 additional
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Fig. 1 Number of stars observed in CoRoT’s exofields in the colour-magnitude range expected to
be populated by red giants with detectable oscillations (0.7 < J−Ks < 1.1,Ks < 11). The analysis
of the first two observational runs led to the detection of oscillations in about 1600 (LRc01) and 400
(LRa01) stars, as reported in Hekker et al. (2009) and Mosser et al. (2010). The varying number
of stars per field reflects different target selection functions used, the failure of 2 CCD modules, as
well as the different stellar density in each field.
runs, crucially exploring stellar populations at different galactocentric radii, are yet
to be exploited. Figure 1 shows the number of stars targeted in CoRoT’s observa-
tional campaigns in the colour-magnitude range expected to be populated by red
giants with detectable oscillations. The analysis of these data is currently ongoing.
The full mining of the “nominal mission” Kepler data is also in its early stages.
The scientific community is now just beginning to tackle the detailed fitting of in-
dividual oscillation modes. Multi-year data are now available on about one hundred
solar-type stars and ∼ 20,000 red giants (Hekker et al., 2011; Stello et al., 2013).
The outlook for the collection of new data in the near future also looks remark-
ably bright. In addition to CoRoT and Kepler, three more missions will supply aster-
oseismic data for large samples of stars: the re-purposed Kepler mission, K2 (How-
ell et al., 2014) and, in a few year’s time, the space missions TESS1 (Ricker, 2014)
and PLATO 2.02 (Rauer et al., 2013).
Although Kepler ceased normal operations in June 2013, we can now look for-
ward to a new mission using the Kepler spacecraft and instrument. K2 has started
performing a survey of stars in the ecliptic plane, with each pointing lasting around
80 days. The potential of K2 to study stellar populations is even greater than for
CoRoT and Kepler, since regions of the sky near the ecliptic contain bright clus-
ters and will also make it possible to map the vertical and radial structure of the
Galaxy (see Fig. 2). The importance of this line of research was acknowledged by
it being listed as a potential mission highlight by Howell et al. (2014). K2 was re-
1 http://tess.gsfc.nasa.gov/
2 http://sci.esa.int/plato
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Fig. 2 Location in the Galaxy of stars with seismic constraints observed by CoRoT, Kepler and in
the fields which will be monitored by K2.
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cently approved by the NASA senior review, and observations of ∼ 8,600 giants
in the first full science campaign has already been made, and 5,000 more will be
observed in Campaign 2. Future K2 observations may also provide constraints on
giants belonging to the Galactic bulge (Campaign 9) and, crucially, in the globular
cluster M4 which would serve as a much needed test for seismic scaling relations in
the metal poor regime (Epstein et al., 2014) .
Fig. 3 Schematic comparison of PLATO 2.0, CoRoT and Kepler’s fields of view and observational
strategy. With a combination of short (step-and-stare) and long duration pointings PLATO 2.0 will
cover a large fraction of the sky. Note that the final locations of long and step-and-stare fields
will be defined after mission selection and are drawn here for illustration only. Figure taken from
http://www.oact.inaf.it/plato/PPLC/Science.html.
The all-sky mission TESS (Ricker, 2014) will also significantly add to the harvest
of bright Sun-like stars in the solar neighborhood, and is expected to be launched in
2017. Thanks to the early achievements with CoRoT and Kepler, Galactic archeol-
ogy has now been included as one of the major scientific goals of ESA’s medium-
class mission PLATO 2.0 (see Rauer et al. 2013), which will supply seismic con-
straints for stars over a significantly larger fraction of the sky (and volume) com-
pared to CoRoT, Kepler, and K2. An illustration of PLATO 2.0’s observational
strategy is presented in Figure 3. By detecting solar-like oscillations in ∼85,000
nearby dwarfs and an even larger number of giants, PLATO 2.0 will provide a rev-
olutionary complement to Gaia’s view of the Milky Way. PLATO 2.0 is planned for
launch by 2024.
3 From precise to accurate clocks and rulers
Seismic data analysis and interpretation techniques have undergone a rapid and con-
siderable development in the last few years. However, they still suffer from limita-
tions, e.g.:
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• determination of individual oscillations mode parameters has been carried out for
a limited set of Sun-like stars, and for only a handful of red giants;
• stellar mass and radius estimates in most cases are based on approximated scal-
ing relations of average seismic properties (∆ν and νmax), under-exploiting the
information content of oscillation modes; and:
• systematic uncertainties on the inferred stellar properties due to limitations of
current stellar models have not yet been quantified. This is crucial for age esti-
mates, which are inherently model dependent.
Here, we mention some of the key sources of uncertainty on current estimates of
stellar age and how, in some cases, we hope to make progress. We focus on evolved
stars, and refer to Lebreton & Goupil (2014), and references therein, for the case of
main-sequence stars.
The age of low-mass red-giant stars is largely determined by the time spent on
the main sequence, hence by the mass of the red giant’s progenitor. Knowledge of
the star’s metallicity is also key to determining the age, but we will assume in the
following that metallicities will be available thanks to spectroscopic constraints (see
the contributions by Morel, Johnson, Epstein, Plez & Grevesse). With data on solar-
like oscillations we can indeed estimate the mass of giants. What is challenging,
however, is that if we aim at determining ages to 30% or better, then we need to be
able to the determine masses with an accuracy better than 10%. Testing the accuracy
of the asteroseismic mass scale to 10% or better is very much “work in progress”.
An example of possible systematic biases concerning the mass determination are
departures from a simple scaling of ∆ν with the square root of the stellar mean
density (see e.g. White et al., 2011; Miglio et al., 2012, 2013; Belkacem et al.,
2013). Suggested corrections to the ∆ν scaling are likely to depend (to a level of
few percent) on the the stellar structure itself. Moreover, the average ∆ν is known
to be affected (to a level of ∼ 1% in the Sun) by our inaccurate modelling of near-
surface layers.
A way forward would be to determine the star’s mean density by using the full set
of observed acoustic modes, not just their average frequency spacing. This approach
was carried out in at least two RGB stars (Huber et al., 2013; Lillo-Box et al., 2014),
and led to determination of the stellar mean density which is ∼ 5−6% higher than
derived from assuming scaling relations, and with a much improved precision of
∼ 1.4%.
While a relatively simple mass-age relation is expected for RGB stars, the situ-
ation for red-clump RC or early asymptotic-giant-branch (AGB) stars is of course
different. If stars undergo a significant mass loss near the tip of the RGB, then the
mass-age relation is not unique (for a given composition and input physics), since
the mass observed at the RC or early-AGB stage may differ from the initial one. An
extreme case is depicted in Fig. 4, where we compare the posterior probability den-
sity function of age for a synthetic star of 0.9 M which we assume to be either on
the RGB or in the RC. If significant mass loss occurs, the 0.9 M RGB star would
have to be significantly older than if it were on in the RC phase. In this context, the
characterisation of populations of giants will benefit greatly from estimations of the
period spacings of the observed gravity modes, which allows a clear distinction to
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Fig. 4 Example of probability distribution function of age for a star with M = 0.9 M and R =
10 R which is assumed to be either in the red-giant-branch phase (dashed line) or in the core-
He burning phase (solid line). Stellar evolutionary tracks used to determine the age assume that
a significant mass loss occurs following Reimers’ (Reimers, 1975) prescription and a mass-loss
efficiency parameter η = 0.4.
be made between RGB and RC stars (Bedding et al., 2011), and early-AGB stars
(Montalba´n & Noels, 2013). Knowledge of the efficiency of mass loss is however
still needed to determine accurate ages of red/clump stars.
Other uncertainties on the input physics may affect main-sequence lifetimes,
hence the age of red giants (see Noels & Bragaglia, this volume). As an example,
consider the impact on RGB ages of uncertainties in predictions of the size of the
central, fully-mixed region in main-sequence stars. We take the example of a model
of mass 1.4M. The difference between the main-sequence lifetime of a model with
and without overshooting3 from the core is of the order of 20%. However, once the
model reaches the giant phase, this difference is reduced to about 5% (see Fig. 5).
Low-mass models with a larger centrally mixed region experience a significantly
shorter subgiant phase, the reason being that they end the main sequence with an
isothermal helium core which is closer to the Scho¨nberg-Chandrasekar limit (see
Maeder, 1975), hence partially offsetting the impact of a longer main-sequence life-
time. On the other hand, the effect of core overshooting on the age of RGB stars is
more pronounced when the mass of the He core at the end of the main sequence is
close to (or even larger than) the Scho¨nberg-Chandrasekar limit (e.g., see the case
of a 2.0 M illustrated in Fig. 5). In that case, however, seismology may come to
the rescue as at the beginning of the core-He burning phase the period spacing of
gravity modes is a proxy for the mass of the helium core, and can potentially help to
3 We assume an extension of the overshooting region equal to 0.2Hp, where Hp is the pressure
scale height at the boundary of the convective core, as defined by the Schwarzschild criterion.
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test models of extra mixing for stars in the so-called secondary clump (Montalba´n
et al., 2013).
Additional seismic diagnostics are still to be fully utilised and their dependence
on stellar properties understood. Seismic signatures of sharp-structure variations can
potentially lead to estimates of the envelope He abundance (see Broomhall et al.,
2014). Promising indicators of global stellar properties include the small separation
between radial and quadrupole modes (Montalba´n et al., 2012) and the properties of
mixed modes and coupling term which may lead to additional indirect constraints
on the stellar mass (see e.g. Benomar et al., 2013).
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Fig. 5 Left panel: Age as a function of luminosity for a 1.4 M stellar model computed with (solid
line) and without (dashed line) extra mixing from the convective core during the main-sequence
phase. Relevant evolutionary phases are marked on the plot: MS: main sequence, TAMS: terminal-
age main sequence, RGB: red-giant branch, RC: red clump. Right panel: Same as left panel but for
models of a 2 M star.
An often overlooked point concerns the correlations between stellar properties
derived by including seismic measurements, correlations which are yet to be quanti-
fied. As an example we show in Fig. 6 the strong correlation between radius (hence
distance) and mass (hence age) as determined by considering average seismic quan-
tities, effective temperature, and [Fe/H] as observables.
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4 Summary
Thanks to K2, TESS, and PLATO 2.0 the future looks extremely bright in terms
of collecting space-based photometric data for ensemble seismology, however, we
are still faced with a number of challenges centred around the assessment of the
accuracy by which the properties of stellar populations can be determined.
Robust predictions from stellar models are key to determining accurate stellar
properties such as mass, radius, surface gravity and, crucially, age. A critical ap-
praisal of how numerical and systematic uncertainties in model predictions impact
the inferred stellar properties (in particular ages) is needed. In favourable cases (such
as binary systems, clusters) stellar models will be tested against the seismic mea-
surements and reduce (some of) the systematic uncertainties in the age determina-
tion related to, for example, near-core extra mixing during the main sequence, and
mass loss on the red-giant branch. Given the additional constraints (stringent priors
on age, chemical composition) stars in clusters (see the contributions by Salaris and
Brogaard et al.) and binary systems (eclipsing and seismic, see e.g. Huber 2014;
Miglio et al. 2014) represent the prime targets for testing models.
A significant step forward in ensemble seismology, as shown in this workshop,
will be through an associative development of asteroseismic data analysis tech-
niques, stellar modelling, spectroscopic anlyses and their combination to constrain
and test chemodynamical models of the Milky Way.
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